1. Introduction {#sec1}
===============

Materials that destroy bacteria or slow down their development without being generally poisonous to the surrounding tissue or environment are known as antibacterial agents.^[@ref1]^ These compounds minimize the effect of bacteria in a wide range of applications, such as antimicrobial fabric manufacturing, water disinfection, food packaging, and in medicine.^[@ref2]^ Recently, there is an increase in incidents of antibiotic-resistant genes in various bacterial species as a result of the overuse of antibiotics.^[@ref3]−[@ref5]^ Commercially used antimicrobials have shown resistance to various species of microorganism; therefore, researchers are developing antimicrobial agents that are not susceptible to bacterial resistance.

Researchers have developed nanoparticles (NPs) which have emerged as novel alternatives to overcome bacterial resistance facing the world due to overexploitation of antibiotics.^[@ref4],[@ref6]−[@ref9]^ This is premised on the mode of NP action on bacteria. For instance, they act directly on bacterial walls instead of penetrating it to affect the deactivation of bacteria. Previous reports reveal that the structure of the bacterial cell membranes can be altered noticeably when in contact with NPs causing bacterial cell death.^[@ref4]−[@ref9]^ The occurrence of antibacterial resistance to NPs are therefore less likely when compared to current antibiotics. Recently, a new class of antimicrobial materials based on fabricated metallic NPs has been developed due to advances in the design and fabrication of tailored metallic NPs. Metallic NPs are extensively used owing to their tremendously high surface areas and many reactive surface sites with rare crystal morphologies.^[@ref2]^ There is therefore hope in utilizing NPs or their composites to develop future antimicrobial agents to circumvent bacterial resistance in many fields.

Franci et al. reviewed the use of silver nanoparticles (AgNPs) as antibacterial agents.^[@ref5]^ The authors realized that the ultrasmall size and increased surface area are the contributing factors in the antibacterial effect of AgNPs, through which they damage the cell membrane, cross the body of the microbe, and cause intracellular damage. They observed that AgNPs have considerably less impact on the growth of Gram-positive bacteria due to the structural difference in the composition of the cell walls of Gram-positive and Gram-negative bacteria. The Gram-negative bacteria have a layer of lipopolysaccharides on the outside, and present below a thin (7--8 nm) layer of peptidoglycan. On the other hand, the cell wall of Gram-positive bacteria is mainly composed of a thick layer (20--80 nm) of peptidoglycan consisting of linear polysaccharidic chains crosslinked by short peptides to form a three-dimensional rigid structure. The stiffness and the extensive crosslinking not only reduce the bacterial cell wall anchoring sites for AgNPs but also render the wall itself more difficult to penetrate. In contrast, Vélez and co-authors observed that AgNPs have bactericidal activity against the Gram-positive bacteria, *Kocuria varians;* only 4% of effective concentration was enough to completely inhibit visible growth.^[@ref6]^ On the other hand, Jian et al. reported a significant inhibitory impact of AgNPs against both Gram-positive and Gram-negative bacteria.^[@ref4]^ Although AgNPs have shown promising results as antibacterial agents, their use is limited by their facile aggregation and precipitation which leads to remarkable deterioration of their antibacterial properties. To overcome this drawback, it is important to find an appropriate support material to load AgNPs proficiently.

Copper nanoparticles (CuNPs), on the other hand, have been widely used as effective antibacterial agents against Gram-negative bacteria. These CuNPs affect the bacterial cell functions in numerous ways, including binding to Gram-negative bacterial cell wall through electrostatic interaction, affecting the protein structure within the cell membrane, denaturation of intracellular proteins, and interacting with phosphorus- and sulfur-containing compounds such as DNA.^[@ref2]^ Sánchez-Sanhueza et al. and Mahmoodi et al. reported on the antibacterial effects of CuNPs toward Gram-negative and Gram-positive bacteria.^[@ref2],[@ref8]^ These reports revealed that CuNPs can effectively inhibit both Gram-positive and Gram-negative bacteria. Notwithstanding the progress in nanomaterial synthesis methods, CuNP fabrication still remains a demanding exercise owing to its excessive sensitivity to air, forming an oxide layer which can cause a marked decrease in antimicrobial activity. Thus, more effort is still required to overcome these challenges which may involve supporting the formed CuNPs on some inert support.

Graphene oxide (GO) with its nanostructure and surface/edge functional groups possesses extraordinary properties and unique chemical architectures, which make it an ideal support material for various metal nanoparticles.^[@ref10]−[@ref15]^ The oxygen-containing functional groups such as hydroxyl, epoxide, carbonyl, and carboxyl groups on the basal planes of GO allow NPs to interact with GO sheets through physisorption, electrostatic binding, or charge-transfer interactions. For instance, silver cations were shown to directly attach to the carboxyl groups on the GO surface by electrostatic interactions.^[@ref13]^ This interaction therefore leads to the reduction of Ag ions getting attached on the surface of GO sheets forming a stable GO--Ag nanocomposite. Through this incorporation of GO as a support for AgNP growth, the aggregation problem of the resultant NPs is minimized and even prevented. In addition, GO has also been used to prevent CuNPs from aggregation while minimizing effects of oxygen species on the formed NPs.^[@ref11]^

Another class of materials used for supporting NP growth and preventing their aggregation is metal organic frameworks (MOFs). In particular, zeolitic imidazolate framework-8 (ZIF-8), a subgroup of MOFs, with a crystal structure similar to those of zeolites has been used for this purpose.^[@ref16]^ Different types of ZIFs are reported in the literature in which ZIF-8 has gained remarkable attention due to its unique and superior properties. ZIF-8 composed of Zn(II) clusters linked with 2-methylimidazolate bridges, forming a sodalite (SOD)-like structure similar to those of Y- and X-type zeolite structures.^[@ref17],[@ref18]^ ZIF-8's porous structure is composed of large cavities with 1.16 nm diameters, connected through 0.34 nm pore openings.^[@ref18]^ ZIF-8 has high thermal and chemical stability not found in many MOFs and other ZIFs.^[@ref18],[@ref19]^ These superior properties of ZIF-8 have rendered it an excellent carrier or support for Ag--Cu bimetallic NPs, thus preventing their aggregation and oxidation.^[@ref16]^

The synthesis of novel antibacterial composite, AgCu\@ZIF-8\@GO, and its effectiveness to inhibit both Gram-positive and Gram-negative bacteria is reported. First, ZIF-8\@GO composite was synthesized via an in situ growth of ZIF-8 onto GO sheets. Second, Ag and Cu nanoparticles (Ag--Cu) were subsequently impregnated into the ZIF-8\@GO composite. Herein, each component in the composite played a specific role in the successful development of the nanomaterial. GO was used to anchor the MOF, which in turn was used as a carrier for metal nanoparticles and prevent the stacking of the GO sheets. The arrangement of the three components within the composite were expected to complement one another in enhancing the overall antibacterial properties of the resultant material.

2. Results and Discussion {#sec2}
=========================

2.1. Characterization of Ag\@ZIF-8\@GO, Cu\@ZIF-8\@GO, and Ag--Cu\@ZIF-8\@GO {#sec2.1}
----------------------------------------------------------------------------

All nanomaterials, including known species and their nanocomposites, that is Ag\@ZIF-8\@GO, Cu\@ZIF-8\@GO, and Ag--Cu\@ZIF-8\@GO, were characterized using scanning electron microscopy (SEM), transmission electron microscopy (TEM), Fourier transform infrared (FTIR) spectroscopy, powder X-ray diffraction (p-XRD), and X-ray photoelectron spectroscopy (XPS).

### 2.1.1. Morphological Analysis: SEM and TEM {#sec2.1.1}

The morphology of the prepared materials were observed in TEM micrographs ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). GO appeared as sheets with wrinkles and folds on the edges in accordance with the previous reports.^[@ref10],[@ref13],[@ref19]^ There was some stacking of neighboring sheets that was observed. The synthesized ZIF-8 exhibited a hexagonal morphology ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B) with average particle size of 30--50 nm ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D), which is in agreement with the previous reports on ZIF-8.^[@ref20]−[@ref23]^ This hexagonal morphology was carried over when ZIF-8 was grown onto the GO sheets. The ZIF-8 crystallites were evenly dispersed on the GO sheets with a relatively larger, monodispersed particle size compared to free ZIF-8 crystallites ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B). This observation indicates that functional groups on the GO sheets offered an effective anchoring sites for MOF growth. Typically, the carboxyl groups anchored the Zn^2+^ ion, that is the GO sheet provided a platform for the nucleation and growth of ZIF-8.^[@ref23]^ In addition, the growth of ZIF-8 crystals on the surfaces minimized the stacking of the GO sheets as only a single sheet was observed in the composite, ZIF-8\@GO ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C).

![TEM images of (A) GO, (B) ZIF-8, and (C) ZIF-8\@GO; (D) size distribution curve of ZIF-8; (E) size distribution curve of ZIF-8\@GO.](ao9b03215_0001){#fig1}

AgNPs, CuNPs, and the bimetallic Ag--Cu were synthesized individually and deposited onto GO sheets ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A--F). Spherical and uniformly dispersed AgNPs with a small particle size of 9 nm were formed ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). CuNPs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B) also exhibited spherical shapes with some aggregation occurring. In case of the bimetallic system, Ag--Cu ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C), increased agglomeration was observed, resulting in twinning or fusing of nanoparticles. The deposition of both Ag and Cu nanoparticles onto GO led to an increase in particle size as well as decreased nanoparticle agglomeration. The average nanoparticle size was more pronounced during bimetallic nanoparticle deposition ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}F).

![TEM images of (A) AgNPs, (B) CuNPs, (C) Ag--Cu, (D) Ag\@GO, (E) Cu\@GO, and (F) Ag--Cu\@GO.](ao9b03215_0010){#fig2}

GO composite materials, that is Ag\@ZIF-8\@GO, Cu\@ZIF-8\@GO, and Ag--Cu\@ZIF-8\@GO, were synthesized via impregnation of the nanoparticles into the ZIF-8\@GO composite. The hexagonal shapes of the supported ZIF-8 were no longer clearly visible after deposition of the metal nanoparticles ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A,B) but were distinguishable in the bimetallic system ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C). Single sheets of GO were observed, indicating that indeed stacking was prevented by deposition growth of ZIF-8.

![TEM images of (A) Ag\@ZIF-8\@GO, (B) Cu\@ZIF-8\@GO, and (C) Ag--Cu\@ZIF-8\@GO.](ao9b03215_0011){#fig3}

In addition to TEM, SEM was used for determining morphology of the materials as well as to offer confirmation of the presence of the metals in energy-dispersive system (EDS). The SEM micrograph shows that GO presented as ultrathin layered structures that were homogeneous ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). The micrographs of the ZIF-8 ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B) and ZIF8\@GO composites ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C) both showed the ZIF-8 moiety as hexagonal structures in line with the TEM analysis. The presence of Zn and N in the EDS spectrum further confirmed the presence of ZIF-8 on the GO sheets ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D).

![SEM micrographs of (A) GO, (B) ZIF-8, and (C) (ZIF-8)\@GO; (D) EDX graph of (ZIF-8)\@GO.](ao9b03215_0012){#fig4}

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows the SEM micrographs as well as the EDS of the nonsupported nanoparticles. Spherical nanoparticles were observed for both silver (monodispersed, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A) and copper (polydisperse, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B) nanoparticles. The bimetallic nanoparticles also exhibit spherical particles with varying sizes in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C, which is indicative of the influence of the Cu material. With respect to the GO composites, the nanoparticles are clearly visible on the sheets of GO ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D--F). These SEM results confirm the observations made during the TEM analysis. The presence of NPs on GO was further confirmed through EDS analysis ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}G,H) of the composites. The elemental mapping on the micrographs ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}I,J) revealed that both Cu and Ag were uniformly distributed on the GO surfaces. Similarly, SEM micrographs and the EDS graphs of the composites Ag\@ZIF-8\@GO, Cu\@ZIF-8\@GO, and Ag--Cu\@ZIF-8\@GO are shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} confirming the presence of all components of the desired composites.

![SEM micrographs of (A) AgNPs, (B) CuNPs, (C) Ag--Cu, (D) Ag\@GO, (E) Cu\@GO, and (F) Ag--Cu\@GO; EDS graphs of (G) Ag--Cu, (H) Ag--Cu\@GO; mapping images of (I) Ag--Cu, (J) Ag--Cu\@GO.](ao9b03215_0013){#fig5}

![SEM micrographs of (A) Ag\@ZIF-8\@GO, (B) Cu\@ZIF-8\@GO, and (C) Ag--Cu\@ZIF-8\@GO; EDX graphs of (D) Ag\@ZIF-8\@GO, (E) Cu\@ZIF-8\@GO, and (F) Ag--Cu\@ZIF-8\@GO; mapping images of (G) Ag\@ZIF-8\@GO, (H) Cu\@ZIF-8\@GO, and (I) Ag--Cu\@ZIF-8\@GO.](ao9b03215_0014){#fig6}

### 2.1.2. Structural and Molecular Components of the Samples: FTIR Spectroscopy and XPS {#sec2.1.2}

The FTIR spectrum of GO is shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} and is similar to the reported spectrum.^[@ref19]^ Similarly, ZIF-8 spectra were in accordance with the reported ZIF-8 spectrum.^[@ref20]−[@ref22]^ In the spectra of ZIF-8, the peak at 2925 cm^--1^ was ascribed to C--H stretching vibration. The C=N stretching vibration showed up at 1588.1 cm^--1^, and the C--N stretching vibrations appeared at 1179.5 cm^--1^. Additionally, the peaks at 754.8 and 699.1 cm^--1^ were ascribed to Zn--O and Zn--N of ZIF-8, respectively.^[@ref20]−[@ref22]^ The spectrum of the ZIF-8\@GO composite exhibited FTIR spectra similar to that of pristine ZIF-8. The existence of the strong interactions between ZIF-8 and GO sheets in the ZIF-8\@GO composites was proven by the FTIR spectra. The intensity of the peak at 1633.1 cm^--1^ (C=O) for the nanocomposite materials decreased, and the broad O--H band disappeared, indicating that the carboxyl and hydroxyl functional groups of GO interacted with Zn^2+^ ions, further confirming the successful growth of ZIF-8 on the GO sheets (as shown in [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C and [4](#fig4){ref-type="fig"}C). Furthermore, the domination of the FTIR spectra in the composites by ZIF-8 attributed bands indicated that the MOFs were generously distributed on the GO surfaces in a sandwich-type formation as observed in SEM in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C.

![FTIR spectra of (A) GO, ZIF-8, ZIF-8\@GO composites, (B) expansion of FTIR section (2000--650 cm^--1^) and C 1s XPS spectra of (C) GO, (D) ZIF-8, and (E) ZIF-8\@GO.](ao9b03215_0015){#fig7}

Additionally, the interaction of ZIF-8 and GO was further confirmed by XPS. Four different chemical functional groups such as C--C bond (285.0 eV), C--O (285.5 eV), C=O (287.2 eV), and O--C=O (288.8 eV) were deconvoluted from the C 1s XPS spectra of GO ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}C). The existing oxygen-containing groups of GO were postulated to coordinate with ZIF-8. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}D displays the XPS spectrum of ZIF-8, which showed that the material contains two components corresponding to the carbon atoms in the C--C bond (284.9 eV) and C--N bond (286.1 eV). Furthermore, the XPS of the composite exhibits an additional component relating to the carbon atom in the carbonyl C=O of GO in comparison to that of ZIF-8. Interestingly, other functional groups such as carboxylic and epoxy groups were not present in the ZIF-8\@GO composite ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}E) compared with GO, which confirms the interaction between GO and ZIF-8 in agreement with FTIR spectra of the composite.

### 2.1.3. XRD Analysis {#sec2.1.3}

Powder XRD patterns of GO, ZIF-8, and ZIF-8\@GO composites are shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. Pristine GO presented an intense peak at 2θ of 8.5° that is known to correspond to the (002) plane normally associated with the formation of a large amount of oxygenated functional groups on graphitic planes and representing an interlayer spacing of 10.4 Å.^[@ref19],[@ref24]^ The diffraction patterns of ZIF-8 were in agreement with the published data, confirming the successful synthesis of ZIF-8.^[@ref20]−[@ref22],[@ref25]^ On the other hand, the diffraction pattern of ZIF-8\@GO composites were dominated by ZIF-8 peaks with the previously dominant peak for GO disappearing ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). The absence of the GO peak at 8.5° may be attributed to a distortion of the stacking of GO sheets or exfoliation, which provides evidence that there were MOFs in between the GO sheets that tempered with the distance between the GO sheets. The XRD results demonstrate that the ZIF-8 grown on GO sheets effectively prevent the stacking of the GO sheets, indicating that the desired structure was achieved in agreement with the other techniques, specifically the FTIR results.

![XRD patterns of GO, ZIF-8, and ZIF-8\@GO composites.](ao9b03215_0016){#fig8}

[Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}A--C presents the XRD patterns of the fabricated nanoparticles and their composites. The diffraction pattern for AgNPs were similar to the earlier reports by others.^[@ref14],[@ref29]^ The XRD peaks at 2θ of 38.5, 44.5, 65.0, 77.5, and 81.8° are assigned to the 111, 200, 220, 311, and 222 crystallographic planes of the face-centered cubic (fcc) silver crystals (JCPDS card number 04-0783).^[@ref14],[@ref26]^ There were no crystallographic impurities found in AgNPs with no sign of oxidation. Similarly, the XRD pattern of CuNPs ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}A) showed main diffraction peaks at 43.8, 50.8, and 74.4°, which are due to the (111), (200), and (220) planes of the fcc structure of pure CuNPs (JCPDS card number 04-0836).^[@ref24],[@ref26],[@ref27]^ In the case of CuNPs, there were diffraction peaks emanating from CuO (JCPDS card number 48-1548) and Cu~2~O (JCPDS card number 05-0667) indicating the presence of an oxide shell around the CuNPs. The diffraction pattern for the bimetallic NPs was dominated by the AgNP peaks. Nonetheless, there was a peak shift toward the lower 2° values. The peak shift was due to aggregation/overlapping of the CuNPs peaks and those of AgNPs peaks as observed in the TEM images in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C. Deposition of the AgNPs onto GO sheets did not lead to any crystallographic changes in the NPs ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}B). However, the crystallographic pattern of CuNPs was changed when CuNPs were incorporated onto GO as a result of aggregation as seen in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}E. In the case of the bimetallic GO (Ag--Cu\@GO) system, the diffraction peaks were similar to those of AgNPs with no peak shift as compared to Ag--Cu in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}A. These observations result from the distinct nanoparticles onto GO as observed in TEM ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}F). Additionally, AgNPs seemed to be dominating, as shown by the mapping in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}J, hence the observed diffraction peaks. The major diffraction peaks of ZIF-8 were kept intact during the incorporation of AgNPs and Ag--Cu into ZIF-8\@GO nanocomposites ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}C). However, the crystallinity of ZIF-8 was compromised due to the loading of the NPs. Liu et al. observed similar results when using gold-silver NPs supported on ZIF-8.^[@ref16]^ The most obvious change in the diffraction pattern occurred when CuNPs were introduced into the ZIF-8\@GO nanocomposite ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}C). This could be due to oxide layers formed around CuNPs during synthesis, and there is a possibility of the formation of a new ZIF structure resulting from the exchange/substitution of the metal coordination with 2-methylimidazole.^[@ref28]^ Nonetheless, the presence of crystalline patterns confirms the presence of a zeolitic structure in the composites, which is in agreement with the SEM and TEM results in [Section [2.1.1](#sec2.1.1){ref-type="other"}](#sec2.1.1){ref-type="other"}. In contrast, Schejn et al. reported a stable ZIF-8 even after doping 25% of Cu^2+^.^[@ref29]^ The composite was used as a catalyst, and the results revealed that it could be reused up to 10 times in condensation reactions.

![XRD patterns of (A) nanoparticles, (B) nanoparticles\@GO, and (C) nanoparticles\@ZIF-8\@GO.](ao9b03215_0017){#fig9}

### 2.1.4. Pore Size and Surface Area of the Samples BET {#sec2.1.4}

The Brunauer, Emmett and Teller (BET) surface area, pore volume, and pore diameter were measured, and the results are shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}. GO exhibits a surface area of 75.8 m^2^ g^--1^ that pales when compared to the ZIF-8 surface area of 889.7 m^2^ g^--1^. The surface area of ZIF-8 was comparable with the one obtained by the other researchers, Schejn et al.^[@ref30]^ The surface area of ZIF8\@GO was intermediate between those of the two components at 305.2 m^2^ g^--1^ ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). It was observed that both ZIF-8 and ZIF-8\@GO composites exhibited a type I N~2~ adsorption--desorption isotherms. The isotherms of synthesized ZIF-8\@GO composites displayed a slight steep rise under low relative pressure, indicating that the composites have micropores which were dominating, whereas a second slight rise at high relative pressure indicated the existence of mesopores, which are in agreement with those observed for pure ZIF-8 material. The surface area of ZIF-8\@GO containing Ag and Ag--Cu nanoparticles is reduced, insinuating the successful incorporation of the nanoparticles within the cavities of ZIF-8. The nanocomposite displayed type I N~2~ adsorption--desorption isotherms similar to those of ZIF-8\@GO. However, the Cu-containing nanoparticles showed a different N~2~ type and the surface area is high compared to the Ag-containing nanoparticles. This is due to the oxide layers formed during synthesis, and the CuNPs might not be trapped within the cavities of the ZIF-8. The BET results are in agreement with the XRD results shown in [Section [2.1.3](#sec2.1.3){ref-type="other"}](#sec2.1.3){ref-type="other"}, [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}C. Therefore, the surface area of Ag--Cu\@ZIF-8\@GO lies between that of Ag\@ZIF-8\@GO and Cu\@ZIF-8\@GO.

![N~2~ sorption isotherms of GO, ZIF-8, and ZIF-8\@GO composite.](ao9b03215_0002){#fig10}

###### BET Components of the Prepared Materials

  sample name         surface area (m^2^ g^--1^)   pore volume (m^3^ g^--1^)   pore diameter (nm)
  ------------------- ---------------------------- --------------------------- --------------------
  GO                  75.8                         0.43                        66.26
  ZIF-8               889.7                        0.036                       11.64
  (ZIF-8)\@GO         305.2                        0.013                       10.11
  Ag\@ZIF-8\@GO       16.8                         0.099                       24.14
  Cu\@ZIF-8\@GO       73.4                         0.21                        18.32
  Ag--Cu\@ZIF-8\@GO   18.91                        0.078                       19.82

### 2.1.5. Elemental Analysis of the Samples Using XPS {#sec2.1.5}

XPS was used to further confirm the presence of elements in the composites as well as to determine oxidation state of the metals incorporated onto GO. The XPS spectra of the composites, viz. Ag\@ZIF-8\@GO, Cu\@ZIF-8\@GO, and Ag--Cu\@ZIF-8\@GO, including the binding energies of individual elements are shown in [Figures [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}--[13](#fig13){ref-type="fig"}. The XPS of Ag\@ZIF-8\@GO ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}A) indicated the presence of the expected elements, C, N, O, Zn, and Ag, with no other peaks indicative of its purity. The spectrum peaks due to the Ag 3d in Ag\@ZIF-8\@GO ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}B) show that the binding energies for Ag 3d~5/2~ and Ag 3d~3/2~ were found to be at 365.6 and 371.6 eV, respectively, which is comparable to the respective core levels of bulk Ag crystals (368 and 374 eV).^[@ref31]^ Furthermore, the narrow width of these peaks implied that only a single-element silver was present in the system, and provided evidence for the encapsulation of zero valence AgNPs by ZIF-8 and GO. The binding energies at 396.3 and 282.3 eV arose from N 1s and C 1s, respectively ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}C,D). The C 1s signal was the deconvolution ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}E) of the C 1s signal, using the Gaussian and Lorentzian lineshapes/curve fittings, indicating that they correspond to C--C (C sp^2^ and C sp^3^, 282.2 eV), C--O (epoxy and hydroxyl, 282.2 eV), and C=O (carboxyl, 286.0 eV). Thus, the deconvolution of C 1s revealed the successful oxidation of graphite to yield GO. The two strong peaks with binding energies 1019.5 and 1042.5 eV in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}F are due to Zn 2p~3/2~ (corresponding to the attachment of hydroxyl groups to zinc ions on the surface) and Zn 2p~1/2~ (corresponding to Zn atoms bonding to oxygen atoms).^[@ref32],[@ref33]^ This observation and assignments of the elements confirm the presence of GO, ZIF-8, and the nanoparticles on the prepared nanocomposites. Similar to the FTIR analysis ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}), XPS revealed the interaction of Zn from ZIF-8 with the oxygen-containing functional groups in GO.

![XPS spectra of Ag\@ZIF-8\@GO: (A) XPS survey spectrum, (B) binding energy spectrum for Ag 3d, (C) binding energy for N 1s, (D) binding energy for O 1s, (E) binding energy for C 1s, and (F) binding energy for Zn 2p.](ao9b03215_0003){#fig11}

![XPS spectra of Cu\@ZIF-8\@GO: (A) XPS survey spectrum, (B) binding energy spectrum for Cu 2p, (C) binding energy for N 1s, (D) binding energy for O 1s, (E) binding energy for C 1s, and (F) binding energy for Zn 2p.](ao9b03215_0004){#fig12}

![XPS spectra of Ag--Cu\@ZIF-8\@GO: (A) XPS survey spectrum, (B) binding energy spectrum for Ag 3d, (C) binding energy for N 1s, (D) binding energy for O 1s, (E) binding energy for C 1s, (F) binding energy for Zn 2p, and (G) binging energy for Cu 2p.](ao9b03215_0005){#fig13}

[Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"} shows the XPS survey with similar elements as in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"} except for the silver atom (Ag). In [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}, there is Cu atom because the composite has CuNPs which show the core-level and shakeup satellite (sat.) lines of Cu 2p ([Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}B). The Cu 2p~3/2~ and 2p~1/2~ core levels are located at binding energies of 932.4 and 952.2 eV, respectively, which are close to the data for Cu 2p in CuO.^[@ref33]^ In this case, it is easy to observe two shakeup satellites above the main 2p~3/2~ peak. Generally, the existence of strong satellite features for Cu 2p confirms the presence of CuO,^[@ref33]^ which is in agreement with the XRD observation/results in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}A, which resulted from the oxidation of CuNPs. EDS and mapping results in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} also confirm the observed oxidation from the presence of the O element. Of importance from the XPS analysis ([Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}) is the presence of both the Ag and Cu atoms which confirms the bimetallic nature of Ag--Cu in Ag--Cu\@ZIF-8\@GO.

These results from the XPS spectra indicate that the ZIF-8\@GO composite could stabilize the Ag and Cu NPs from aggregation. It is postulated that both Ag and Cu NPs are encapsulated within the ZIF-8\@GO structure. The evidence corresponds well with EDS spectra and mapping results in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}.

2.2. Bacterial Activity of the Nanocomposites {#sec2.2}
---------------------------------------------

The disc diffusion method was used to assess the sensitivity of the materials against the two bacterial strains, viz. *Escherichia coli* and *Staphylococcus aureus*. It was observed that AgNPs and AgNP-containing nanocomposites (Ag\@ZIF-8\@GO) exhibited effective antibacterial activity against *E. coli*, and only AgNP-containing nanocomposites (Ag\@ZIF-8\@GO) were effective in inhibiting the growth of *S. aureus* ([Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}C,C′). CuNPs and CuNP-containing nanocomposites (Cu\@ZIF-8\@GO) did not show any effect on both *E. coli* and *S. aureus* ([Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}D,D′), which revealed that CuNPs did not prevent the antibacterial activity of AgNPs. Generally, CuNPs are said to have an antibacterial impact on the bacterial cell functions through adhesion to Gram-negative bacterial cell wall due to electrostatic interaction. CuNPs have an impact on the protein structure in the cell membrane, resulting in denaturation of the intracellular proteins, and interaction with phosphorus- and sulfur-containing compounds such as DNA.^[@ref2]^ However, none of the abovementioned impacts were observed in this study. It is postulated that the oxide layers observed from XRD and XPS analysis have resulted in a remarkable decrease in the antimicrobial activity of CuNPs. GO, on the other hand, was reported to damage bacterial cell walls and cell membranes by causing physical abrasions and structural damages.^[@ref7]^ The antimicrobial activity of ZIF-8 are said to result from the natural antimicrobial property of metal ions released from zinc ions.^[@ref34],[@ref35]^ In our case, GO and ZIF-8 did not have an effect on both bacterial strains when used solely. Interestingly, the Ag and the bimetallic systems, Ag\@ZIF8\@GO and AgCu\@ZIF8\@GO, respectively, were sensitive to both *E. coli* and *S. aureus,*[Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}E,E′. The antimicrobial activity of AgNPs is said to affect the bacteria by interacting with the bacterial membrane and penetrating inside the cell, which results in structural damage, drastic disturbance in proper cell function, and finally cell death. AgNPs cause oxidative stress through the generation of reactive oxygen species, cause damage to proteins and nucleic acids, and finally inhibit cell proliferation. Furthermore, AgNPs release silver ions, which generally enhance the bactericidal impact of AgNPs.^[@ref35],[@ref36]^ The antibacterial activity of AgCu\@ZIF8\@GO against *S. aureus* was slightly lower than that of Ag\@ZIF8\@GO. *E. coli* is a Gram-negative bacteria which has a layer of lipopolysaccharides on the outside and present below a thin (7--8 nm) layer of peptidoglycan.^[@ref5]^ On the other hand, the cell wall of a Gram-positive bacteria, in this case *S. aureus*, is mainly composed of a thick layer (20--80 nm) of peptidoglycan consisting of linear polysaccharidic chains crosslinked by short peptides to form a three-dimensional rigid structure.^[@ref5]^ Therefore, it is difficult for antibacterial agents to penetrate through Gram-positive bacteria, and hence, the observed results. On the other hand, CuNPs have oxide layers which inhibit its antibacterial activity resulting in a decrease of antibacterial activity of the composite AgCu\@ZIF8\@GO. Consequently, the antibacterial activities of AgNPs was recognized as a probable pathway that played a crucial role in antimicrobial activity of both these two bacteria. [Figure [15](#fig15){ref-type="fig"}](#fig15){ref-type="fig"}A,B shows the quantitative results of inhibition.

![Photographic images of inhibition zone produced by the synthesized materials with (A--E) *E. coli* and (A′--E′) *S. aureus*.](ao9b03215_0006){#fig14}

![Zone of inhibition against (A) *E. coli* and (B) *S. aureus*.](ao9b03215_0007){#fig15}

3. Conclusions {#sec3}
==============

In summary, ZIF-8\@GO nanocomposites were successfully synthesized through a growth deposition method. Metal nanoparticles were successfully grown within the cavities of the ZIF-8 material as observed from TEM micrographs and confirmed through other techniques. The deposition of ZIF-8 prevented stacking of GO sheets, which also minimized aggregation of metal NPs. Ag\@ZIF8\@GO and Ag--Cu\@ZIF-8\@GO nanocomposites showed remarkable antibacterial activity toward both Gram-negative and Gram-positive bacteria when using the disc diffusion method. Given the outstanding antibacterial activity of Ag\@ZIF8\@GO and Ag--Cu\@ZIF-8\@GO composites and the fact that the composites can be easily synthesized and recovered after use, it is envisaged that these novel composites could offer promising opportunities in antibacterial applications in various fields in the future.

4. Experimental Section {#sec4}
=======================

4.1. Materials {#sec4.1}
--------------

Graphite powder for the production of GO, sodium nitrate (NaNO~3~), sulfuric acid (H~2~SO~4~, 98.0%), potassium permanganate (K~2~MnO~4~), hydrogen peroxide (H~2~O~2~, containing inhibitor, 30.0 wt % H~2~O), hydrochloric acid (HCl ≥32.0%), Zn(NO~3~)~2~·6H~2~O, absolute ethanol (99.0%), 2-methylimidazole, trimethylamine (TEA, ≥99.5), silver nitrate (AgNO~3~), copper(II) sulphate (CuSO~4~), and sodium borohydride (NaBH~4~), were all purchased from Sigma-Aldrich (South Africa) and were used as received without further purification processes. Deionized (DI) water was utilized for washing where fundamental.

4.2. Preparation of Graphene Oxide, ZIF-8, and ZIF-8\@GO Composites {#sec4.2}
-------------------------------------------------------------------

GO was synthesized using the modified Hummers method based on the reported procedure.^[@ref19],[@ref25]^ In a typical experiment, graphite powder (1.0 g) was suspended in a NaNO~3~ (0.5 g) solution of concentrated H~2~SO~4~ (23 mL) in an ice bath and further stirred for 1 h at that temperature. K~2~MnO~4~ (3.0 g) was slowly added to this suspension to maintain the temperature below 20 °C as this was an exothermic reaction. The temperature of the mixture was subsequently raised to 35 °C and stirred for a further 24 h. The suspension was allowed to equilibrate to room temperature (ca. 25 °C) and then DI water (500 mL) was added under vigorous stirring at room temperature. This was followed by the addition of H~2~O~2~ (30% in water, 5.0 mL) and left to stir for a further 30 min. The suspension was filtered and subsequently washed with HCl, followed by DI water. The resultant graphite oxide was exfoliated into GO sheets by ultrasonication in N-methyl-2-pyrrolidinone in an ice bath for 1 h.

Pristine ZIF-8 nanoparticles were synthesized at room temperature following the literature method with slight modifications ([Figure [16](#fig16){ref-type="fig"}](#fig16){ref-type="fig"}A).^[@ref24],[@ref37]^ An aqueous solution (25 mL) of TEA (2.0 g, 19.8 mmol) and 2-methylimidazol (3.24 g, 39.5 mmol) was added into an aqueous solution (25 mL) of Zn(NO~3~)~2~·6H~2~O (0.1833 g, 0.616 mmol) under vigorous stirring. Stirring was stopped after 1 h and the formed ZIF-8 crystals washed with DI water and recovered by centrifugation (7000 rpm, 10 min) 3 times. The powder was dried in an oven at 60 °C for 24 h.^[@ref38],[@ref39]^

![(A) synthesis of ZIF-8, (B) in situ growth of ZIF-8\@GO with the nanoparticles carried inside ZIF-8. Adapted with permission from *ACS Sustainable Chem. Eng. 2017,***5,** 11204--11214. Copyright 2017 American Chemical Society.^[@ref37]^](ao9b03215_0008){#fig16}

The ZIF-8\@GO composite was prepared by in situ growth of ZIF-8 onto the GO via the same process used for ZIF-8. In short, GO powder (0.5 g) was added into a solution of Zn(NO~3~)~2~·6H~2~O and the suspension sonicated for 30 min. To this suspension was added aqueous solution (25 mL) of TEA (2.0 g, 19.8 mmol) and 2-methylimidazol (3.24 g, 39.5 mmol) under vigorously stirring. A schematic representation of the method is shown in [Figure [16](#fig16){ref-type="fig"}](#fig16){ref-type="fig"}B.

4.3. Synthesis of Antibacterial Agents: Ag\@ZIF-8\@GO, Cu\@ZIF-8\@GO, Ag--Cu\@ZIF-8\@GO {#sec4.3}
---------------------------------------------------------------------------------------

Ag and Cu nanoparticles were prepared by reducing AgNO~3~ and CuSO~4~ with NaBH~4~ in a light-proof reaction vessel to prevent light-induced reactions of Ag owing to its photosensitivity. Typically, AgNO~3~ (0.5 g, 2.94 mmol) was added into 25 mL DI water and sonicated for 2 min to ensure complete dissolution of AgNO~3~. Thereafter, aqueous NaBH~4~ solution (50 mL 0.5 mol L^--1^) was added dropwise while stirring at room temperature in the dark for 1 h to induce complete reduction. After 24 h of ageing in the dark, the mixture was centrifuged and washed with absolute ethanol (50 mL) and DI water (50 mL) sequentially. The AgNPs were obtained after drying in a vacuum oven for 6 h. CuNPs was synthesized by following the same procedure. Similarly, CuSO~4~ (0.5 g, 3.13 mmol) was used to synthesize CuNPs. The nanoparticles\@ZIF-8\@GO were incorporated through a simple impregnation method followed by the reduction of metals (Ag^+^ and Cu^2+^). The ZIF-8\@GO (0.5 g) composite was sonicated in 25 mL of DI water for 2 min; after sonication, the metal precursors (AgNO~3~, CuSO~4~, or simultaneously AgNO~3~ and CuSO~4~) were added and the same procedure was followed as prescribed above. The resulting structure of the composite is illustrated in [Figure [16](#fig16){ref-type="fig"}](#fig16){ref-type="fig"}B.

4.4. Characterization of GO, ZIF-8, and ZIF-8\@GO Nanoparticles as Well as Ag\@ZIF-8\@GO, Cu\@ZIF-8\@GO, and Ag--Cu\@ZIF-8\@GO Nanocomposites {#sec4.4}
---------------------------------------------------------------------------------------------------------------------------------------------

The morphology of the samples was analyzed using the scanning electron microscope TESCAN VEGA 3 with the acceleration voltage of 20 kV as well as the TEM JOEL JEM-2100 electron microscope (acceleration voltage of 200 kV). FTIR spectra of the samples were obtained using a PerkinElmer Spectrum 100 FTIR spectrometer. The samples were analyzed over a range of 650--4000 cm^--1^ with a resolution of 4 cm^--1^. All spectra were averaged over 16 scans. p-XRD was used to determine the crystalline structures of the materials. A D8 ADVANCE diffractometer (X'Pert, Germany) with PSD Vantec-1 detectors and Cu Kα radiation (λ = 1.5406), a tube voltage of 40 kV, a current of 40 mA, and a V20 slit were utilized. The samples were scanned in the locked couple mode with 2θ increment in 0.5 s steps. The BET (Micrometrics ASAP 2020) was used to test the surface area of solids at 150 °C. XPS (Axis Supra) was used to analyze the elemental composition and state of the materials.

4.5. Antibacterial Activity Measurements {#sec4.5}
----------------------------------------

The sensitivity of the microorganisms to nanocomposites (Ag--Cu\@ZIF-8\@GO) was tested by using the disc diffusion method described by Pokhrel et al. and Bauer et al.^[@ref22],[@ref23]^ All pathogenic strains (Gram-negative strains: *E. coli* ATCC25922; Gram-positive: *S. aureus* ATCC25923 purchased from Davies diagnostics South Africa) were grown overnight at 37 °C in Muller--Hinton broth and adjusted using 0.5 McFarland standards such that the concentration was 10^7^ to 10^8^ colony forming unit (CFU/mL). Under sterile conditions, *E. coli* and *S. aureus* strains were suspended in saline solution and 0.10 mL of each pathogenic strain was spread on Muller--Hinton agar. Sterile circular filter paper discs with a diameter of 6 mm were used as a support for the nanocomposites. The nanocomposites (0.2 mg) were suspended in 10% DMSO (2.0 mL) from which 0.01 mL was deposited onto the paper discs. The loaded filter paper discs were mounted on Petri dishes containing the pathogenic strains. Streptomycin, gentamicin, and tetracycline (Mast Diagnostics, U.K. 243981) were used as the positive control and mounted on the Petri dishes as described above for the composites. DMSO (10%) was used the negative control. Three to four discs of different nanocomposites were placed on each plate inoculated with *E. coli* or *S. aureus* pathogenic strains and incubated at 37 °C for 24 h. Antimicrobial activity was observed after 24 h by measuring the zone of inhibition (in mm) as shown in [Figure [17](#fig17){ref-type="fig"}](#fig17){ref-type="fig"}. The antibacterial tests were performed in triplicates.

![Illustration of measuring the zone of inhibition.](ao9b03215_0009){#fig17}

The authors declare no competing financial interest.

The authors acknowledge the Department of Science and Innovation through the DSI/MINTEK Nanotechnology Innovation Centre (NIC) as well as DST/NRF SA-Ghana Flagship grant (no. 114688) for providing financial support during the course of the project.
